The biostratigraphical data obtained from the Grötlingbo-1 core section (southern Gotland, Sweden) enable recognition of most of the regional stages known from the Sandbian (Upper Ordovician) to lower Sheinwoodian (Wenlock, Silurian) interval in the East Baltic. The strata corresponding to the Upper Ordovician Keila-Nabala stages have markedly reduced thicknesses in the Grötlingbo-1 core section. Gaps of considerable duration were recognised in some parts of the section: lithological evidence suggest that only lower part of the 
Introduction
Gotland is a classical region of Silurian geology, for both Baltoscandia and globally. However, the majority of studies on the island have been based on the isolated, although numerous outcrop sections. Due to the limited number of core sections available, little is known about the subsurface geology of the region. One of these rare core sections is the Grötlingbo-1 (known also as Grötlingboborrningen-1: e.g. Eriksson & Hagenfeldt 1997) section. Some information about the section, or parts of it, is available in several earlier publications. A series of small samples (25 g each) from the middle Ordovician interval of the section was studied for microflora (baltisphaerids) by Kjellström (1971a,b) . Snäll (1977) investigated the distribution and composition of bentonites, Eriksson and Hagenfeldt (1997) provided information about acritarch assemblages in the lower Silurian and Grahn (1982; revised data in Grahn & Nõlvak 2010 ) about the Ordovician chitinozoans in the section. Sandbian-lower Katian lithologies and chemostratigraphy are briefly discussed in Ainsaar & Meidla (2001) .
In recent decades, stratigraphical studies in the eastern Baltic have concentrated on integrating the biostratigraphy of different fossil groups with the aim of increasing the resolution and reliability of dating and correlation of strata, particularly between sections originating from different environments (facies). Of particular interest, and importance, have been studies of the co-occurrences of graptolites, chitinozoans and
The rocks of Llandovery age in the section are dominated by more or less calcareous marlstone (mudstone) ranging from light and dark grey to bluish and greenish grey (Fig. 3) . Some intervals are strongly bioturbated.
Several thin interbeds of light coloured argillaceous limestone with rare fine bioclastic material occur. The lowermost part of the Silurian succession (interval 386.6-397.1 m) is dominated by argillaceous limestone (mudstone and wackestone) with a red-coloured interval in the middle part of it. The uppermost part of the interval studied by us (above 345.8 m) consists mostly of dark-coloured, often microlaminated, graptolitic claystone and silty claystone. The Upper Ordovician (Sandbian to Hirnantian) and lower Silurian (Rhuddanian to lowermost Sheinwoodian) parts of the core were sampled for biostratigraphical studies by J. Nõlvak and P. Männik in 1993 (with the help of Prof. Maurits Lindström and Dr Stefan Hagenfeldt). The Upper Ordovician interval was sampled unevenly because, originally, the samples were intended for chitinozoan studies only. As it is known that red-coloured rocks do not yield these fossils, the intervals represented by such rocks were not sampled. The uppermost Upper Ordovician and the lower Silurian were sampled more regularly.
All samples were processed in buffered acetic acid. This worked well with samples containing sufficient calcareous material (limestone and calcareous marlstone, mainly samples coming from the strata below 386 m in the section). Most of the samples above this level did not disintegrate in the acetic acid and several other methods (processing in formic acid, immersing a sample in hot water after soaking it in petrol, boiling a sample in soda, etc.) were applied. Still, for many samples, only a small part of them disintegrated. Hence, in many cases low numbers of chitinozoans and conodonts in a sample do not indicate true rare occurrences in the rock but result from processing problems. In total, 88 samples with weights varying between 0.25 kg and 0.50 kg were processed for microfauna. All fossils (conodonts, chitinozoans and graptolites) were picked from the same residues. Additionally, 12 rock slabs bearing graptolites from the Silurian part of the section were studied (Fig.   4 ), mostly material originally destined for processing for conodonts. All but three samples (JN-12, JN-13 and JN-15) from the Ordovician part of the section yielded conodonts. The residues of two Silurian samples (C-27 and C-46) were lost before the picking of conodonts. Chitinozoans were found in 19 samples from the Ordovician part of the section and from 49 samples from its Silurian part (Figs 2, 3) . Fragments of graptolites were found in 22 of the processed samples but unfortunately this material contained no determinable biostratigraphically useful specimens. All biostratigraphical samples studied are housed in the Institute of Geology at Tallinn University of Technology (collection 688); the core is stored in SGU (Uppsala, Sweden).
Figure 4
Distribution of Silurian graptolites in the samples available from the Grötlingbo-1 core section.
Distribution of chitinozoans

Ordovician
The stratigraphical distribution of the Ordovician chitinozoans was described by Grahn (1982) and later revised in Grahn & Nõlvak (2010) ; new finds are shown in Fig. 2 ; selected taxa are illustrated in Fig. 5 . For ease of comparison with earlier publications, and with East Baltic successions, two different schemes for lithological units are indicated in the left-hand column in Fig. 2 : the traditional Swedish topoformations (Jaanusson 1976; Ebbestad & Högström 2007, fig. 3 ) and the standard regional units used in the East Baltic (Männil 1990; Nõlvak 1997 , tab. 7).
Figure 5
Selected Ordovician chitinozoans from the Grötlingbo-1 core section. Scale bar represents100 µm, except for R and Z -20 µm. A. Cyathochitina campanulaeformis (Eisenack), GIT 688-1, ( L: 445 µm), sample JN-11. B. Cyathochitina campanulaeformis, GIT 688-2, (L: 285 µm), sample JN-11. C. Cyathochitina cf. patagiata Jenkins, GIT 688-3, sample JN-11. D. Armoricochitina cf. reticulifera (Grahn) , GIT 688-4, (L: 281 µm), sample JN-11. E. Armoricochitina reticulifera, GIT 688-5, sample JN-10. F. Armoricochitina? sp., GIT 688-6, (L: 406 µm), sample JN-10. G. Cyathochitina angusta Nõlvak & Grahn, Nõlvak & Grahn (1993) . Angochitina curvata occurs only in sample indicating that the Ang. curvata CtZ is very thin in the section. The strata above are considered to correspond to the Lagenochitina dalbyensis CtZ although Lag. dalbyensis itself appears higher in the section and was found in sample (Nestor) , GIT 688-25, sample C-7, 389.88-390 m. C. Belonechitina aspera (Nestor) . .50 m. L. Bursachitina nestorae .48 m. M. Conochitina emmastensis m. N. .48 m. O. Ancyrochitina mullinsi .37 m. P. Conochitina proboscifera Eisenack. Five samples from the interval 390.85-394.81 m (C-2 to C-6) were barren and the interval is here dealt with as an Interzone. Barren beds in the same stratigraphical interval have been recognised also in the Ventspils D-3, Ohesaare, Ruhnu-500, Aizpute-41 and Kolka-54 core sections (Nestor 1994; Loydell, Männik & Nestor 2003; Loydell, Nestor & Männik 2010) . In sample C-7 (at 389.88-389.90 m), above the barren interval, Belonechitina postrobusta (Fig. 6: B) , a species characteristic of the Bel. postrobusta CtZ, has been found.
Conochitina visbyensis
Four samples from higher in the section (C-8 to C-11, from the interval 387. 32-388.95 m) , between the level of occurrence of Bel. postrobusta and that of the appearance of Spinachitina maennili (Fig. 6: F bifurcaspina occur only in the lowermost sample in the zone, and Anc. cf. convexa and Con. elongata ( Fig found. Such an early appearance of this species, in the Oktavites spiralis Graptolite Zone (GZ), was established also in the Ventspils core section (Loydell & Nestor 2005 ) and was reported also by Grahn (1995) 
Distribution of conodonts
Ordovician
The lowermost six samples studied (JN-17 to JN-21) come from the interval 430.05-434.45 m (Fig. 7) .
Conodonts in these samples indicate that it corresponds to the Baltoniodus gerdae Conodont Zone (CZ) in the middle part of the Amorphognathus tvaerensis Conodont Superzone (CSZ).
Figure 7
Distribution of Ordovician conodonts in the Grötlingbo-1 core section. For explanation and legend refer to (Fig. 8: D) appear. The occurrence of Am. cf. superbus (Fig. 8: G) in sample indicates that this level corresponds to the Am. superbus CZ. However, the occurrence of An interval more than 17 m thick in the section is dominated by red-coloured limestone and was not sampled.
Starting from sample up to the top of the studied interval the section was sampled regularly, with the intervals between samples, as a rule, less than 1 m. The samples in the interval 399.15-402.55 m (JN-7 to C-66) yielded mainly poorly preserved specimens of Decoriconus, Panderodus and Walliserodus. Species are not identifiable.
The uppermost Am. ordovicicus ( Fig. 8: E, F) and Hamarodus sp. in the section were found in sample C-62 (397.50-397.60 m), from the uppermost part of the limestone in the interval 397.05-398.45 m. Belodina cf.
confluens (Fig. 8: I) and Gamachignathus sp. occur in this sample. The occurrence of Am. ordovicicus in this sample indicates that this level corresponds still to the Am. ordovicicus CZ.
Silurian
Rich faunas strongly dominated by Pand. equicostatus appear in sample C-63 (396.92-396.99 m), in the lowermost part of green to greenish grey calcareous marlstone, rich in fine to coarse bioclastic material (Fig. 9 ).
In the same sample Walliserodus curvatus (Fig. 8 : J, K, P), Dapsilodus sp. n. R (Fig. 8: N) and Distomodus sp. Characteristic of the interval up to sample C-33 (368.58-368.70 m) are Pterospathodus celloni (Fig. 8: R, S) , Pt. amorphognathoides angulatus (Fig. 8: Q) , Asp.? fluegeli (Fig. 8: V, Y) , Daps. praecipuus (Fig. 8: L (Jeppsson 1997 ). However, due to the rare occurrence (lack) of taxa disappearing at this datum in the distal graptolite-bearing environments, this boundary, as a rule, cannot be located in strata formed in such environments (Männik 2007a) . Also in the Grötlingbo-1 core section, based on the data available, this boundary cannot be identified. Together with Panderodus sp. n. N ( Fig. 8: W The uppermost sample studied in the section, C-61, yields poor conodont faunas represented by Dapsilodus obliquicostatus (Fig. 8: T) , Wurmiella excavata ( Fig. 8: Z) , Ps. beckmanni and Ps. bicornis, taxa characteristic of the lower Wenlock in distal environments (Loydell, Männik & Nestor 2003) . Occurring also in this sample is Distomodus staurognathoides indicating that it comes from the Lower Kockelella ranuliformis CZ.
Distribution of graptolites
Identifiable graptolites were present only within the Silurian part of the core and here only within the Telychian and Sheinwoodian stages (Figs 4, 10) . They are preserved either as three-dimensional pyrite internal moulds with original periderm surrounding or more commonly as flattened periderm. Nõlvak & Grahn 1993 ) occurring also in sample JN-15 can sometimes be almost identical to small specimens of Spin. cervicornis (Vandenbroucke et al. 2013) Fm. below and the glauconite-bearing calcarenites with numerous phosphatic discontinuity surfaces of the Mõntu Fm. above. In the Grötlingbo-1 core section, the boundary between these formations is marked by a discontinuity surface at 421.7 m. Just below this level, in sample JN-12 (421.87-421.93 m) Fungochitina spinifera appears indicating that the lower boundary of the Fung. spinifera CtZ lies below this level. In Estonia, the lower boundary of this zone corresponds to a level in the upper Oandu Stage. A rich, diverse chitinozoan assemblage appears in sample JN-11 in the Grötlingbo-1 section. Similar rapid chitinozoan radiation characterizes the boundary beds between the Rakvere and Nabala stages in many sections in Estonia (Nõlvak 2010 and references therein). As a rule, chitinozoans are well preserved, often three-dimensionally, in these strata. Characterisric of the Mõntu Fm. are Cyathochitina kuckersiana, Cy. campanulaeformis, Cy. costata (Grahn 1982) and Cy. patagiata (often represented by morphologically transitional forms which might complicate identification of these species considerably). In many East Baltic sections, the base of the Nabala Stage is marked by the appearance of Armoricochitina reticulifera. Conodonts suggest the Amorphognathus superbus CZ for the upper Slandrom Formation. In Estonia, this zone corresponds to the interval from the upper Oandu to the upper Nabala stages (=middle Katian). It is noteworthy that in the Grötlingbo-1 core section a K-bentonite occurs at 421.4 m, in the interval corresponding to the Nabala Stage in the East Baltic where no K-bentonite is known from this interval.
The strata corresponding to the Keila, Oandu, Rakvere and Nabala stages have strongly reduced thicknesses in the Grötlinbo-1 core section. Lithological evidence (sharp lithological boundaries, abundant discontinuity surfaces) indicate that a number of gaps occurs in this interval. However, the duration of these gaps is less than the biostratigraphical resolution currently available. The restricted thickness of beds in this interval is characteristic of several sections located in the western Estonia: Ruhnu-5000 (Põldvere 2003) , Viki (Nõlvak 2010) , Kaugatuma, Ohesaare (J. Nõlvak, unpubl. data) , etc.
Based on lithology, the strata above are tentatively assigned to the Tudulinna Formation (to the Fjäcka Fm. in Lithological data suggest that only lower part of the Pirgu Stage is represented in the section: the red-coloured marlstone and argillaceous limestone of the Jonstorp Formation are directly followed by intercalations of grey silty calcareous marlstones and limestones with rare bioclasts of the Tommarp Formation (Grahn & Nõlvak 2010) . A similar lithological succession, red-coloured rocks of the Jonstorp Fm. directly followed by strata of Porkuni age, has been recorded in the Ruhnu-500 core section in SW Estonia (Põldvere 2003) and in the Stirnas-18 core section in western Latvia (Hints et al. 2010) .
Samples from the uppermost Ordovician interval in the Grötlingbo-1 core section yield rare, poorly preserved specimens of Cyathochitina campanulaeformis and Ancyrochitina ancyrea, both of which occur also in the lower(most) Silurian. The occurrence of Am. ordovicicus in sample C-62 (397.50-397.60 m) indicates that this level still corresponds to the Am. ordovicicus CZ. Based on the data from more complete sections from the central part of the basin, from the Ruhnu-500 (Estonia) and Stirnas-18 (western Latvia) core sections, Am.
ordovicicus (together with several taxa characteristic of the Am. ordovicicus CZ) disappears in the lower part of the Porkuni Stage (lower part of the Hirnantian; Männik 2003; Hints et al. 2010) . In these sections, the uppermost part of the stage is characterized by poor faunas dominated by Noixodontus. In the Grötlingbo-1 core section Noixodontus has not been found. Instead, the sample just above a distinct lithological change at 397.05 m yields taxa typical of lower Llandovery (see below). These data suggest that a gap corresponding at least to the upper Porkuni Stage (=to the upper Hirnantian) exists in the Grötlingbo-1 core section.
Silurian
The Distomodus kentuckyensis CZ, and Ancyrochitina laevaensis and Belonechitina postrobusta CtZ-s in the lower part of the Silurian succession in the Grötlingbo-1 core section indicate that this interval corresponds to the Juuru Stage in Estonia (Figs. 3, 9) . The boundary between the Juuru and Raikküla stages is tentatively correlated with the level (386.6 m) at which limestone is replaced by argillaceous marlstone in the section. The boundary is poorly constrained biostratigraphically but the occurrence of the Aspelundia? expansa CZ and Spinachitina maennili CtZ faunas in strata above this level indicates a Raikküla (late Rhuddanian-Aeronian) age for these strata. 
Figure 11
Dated gaps in the Llandovery in some core sections. Correlation of the graptolite and conodont zonations is modified from Cramer et al. 2011 ; the chitinozoan zonation is based mainly on data from Loydell, Kaljo & Männik 1998 , Loydell, Männik & Nestor 2003 and Loydell, Nestor & Männik 2010 . Two unnamed chitinozoan zones between the Eisenackitina dolioliformis (below) and Conochitina proboscifera (above) CtZ-s correspond (from below) to Interzone III and the Angochitina longicollis CtZ. Dating of regional stages in Estonia (right column) follows Männik (2014) (Loydell, Kaljo & Männik 1998; Loydell, Männik & Nestor 2003) .
Graptolites become common above sample C-55, above the K-bentonite (345.8 m) at the base of dark-coloured claystones and silty claystones above (Fig. 4) . Sample C-56 from the upper part of the Upper Pt. am.
amorphognathoides Conodont Subzone (from the lowermost Margachitina margaritana CtZ) comes from the Cyrt. murchisoni GZ. Sample C-60 yields graptolites characteristic of the upper Cyrt. murchisoni GZ. The highest sample in the section (C-61) contains abundant but long ranging species of graptolites only. The composition of, and changes in the conodont assemblages in samples C-58 to C-61 suggests that these four samples come from the Ireviken Event interval. As the uppermost sample studied comes from the Lower K.
ranuliformis CZ it is evident that the uppermost part of the event lies above the interval studied by us. Based on the data from the Aizpute-41 core section, the boundary between the Pt. pennatus procerus and K. ranuliformis CSZ-s correlates with the boundary between the Monograptus firmus and M. riccartonensis GZ-s (Loydell, Männik & Nestor 2003) . Hence, the uppermost sample studied from the Grötlingbo-1 core section is probably younger than the Cyrt. murchisoni GZ. The occurrence of graptolites characteristic of the upper Cyrt. murchisoni GZ in the Ireviken Event interval agrees with earlier data (Männik 2007a ) that the Ireviken Event correlates with the upper part of the Cyrt. murchisoni GZ (and higher stratigraphical levels).
Datum 2 of the event (corresponding to the Llandovery-Wenlock boundary in its type section at Hughley Brook) cannot be identified in the Grötlingbo-1 core section but, based on the data available (above), it most probably lies between samples C-58 and C-60.
The strata above the main gap in the Aeronian-Telychian transition in the section, up to the uppermost Pt. am. amorphognathoides CZ (up to the M. banwyensis CtZ), correlate with the Adavere Stage in Estonia. The boundary between the Adavere and overlying Jaani stages is poorly dated biostratigraphically. In its type section, in the Ohesaare core, the boundary was established at 345.8 m and is marked here by a K-bentonite (Aaloe 1970) . At the same level greenish grey to grey marlstone are replaced by dark (brownish) grey claystone and silty claystone. Based on similarities of faunal and lithological successions in the Ohesaare and Grötlingbo-1 core sections, the boundary between the Adavere and Jaani stages in the Grötlingbo-1 core section is tentatively considered to correspond to the K-bentonite at 345.8 m. At the same level argillaceous marlstones are replaced by dark-coloured silty claystones also in this section.
Conclusions
The biostratigraphical data obtained enable recognition in the Grötlingbo-1 core section of most of the regional stages known from the Sandbian (Upper Ordovician) to lower Sheinwoodian (Wenlock, Silurian) interval in the East Baltic.
The strata corresponding to the Keila, Oandu, Rakvere and Nabala stages have strongly reduced thicknesses in the Grötlingbo-1 core section. Lithological evidence (sharp lithological boundaries, abundant discontinuity surfaces) indicate that a number of gaps occurs in this interval. However, the duration of these gaps is below the biostratigraphical resolution currently available. Occurrence of graptolites characteristic of the upper Cyrt. murchisoni GZ in the Ireviken Event interval agrees with earlier data that (part of) the Ireviken Event correlates with the upper Cyrt. murchisoni GZ.
